Abstract: Unidirectional composite material samples with ultrahigh modulus carbon fibres, treated and untreated by oxygen plasma, and a polycarbonate matrix were prepared and tested. Dynamic mechanical analysis (DMA) was used to study interfacial fibre/matrix interaction and the fragmentation test method was applied to determine interfacial shear strength. For the composite samples with treated carbon fibres, analyzed by DMA, a consistent shift of the loss modulus peak toward higher temperature was observed. The damping ratio was highly affected by residual stresses along the carbon fibre direction due to the large difference of thermal expansion coefficients of matrix and fibres. Critical fibre length and interfacial shear strength, obtained from the fragmentation test, showed substantial improvement for treated fibres as compared to the untreated ones. Plasma oxidation of the fibre surface improved considerably the fibre-matrix interaction. Care must be taken interpreting the DMA results, due to specific characteristics of the system studied.
Introduction
The mechanical behaviour of polymer composites depends both on the properties and composition of each component, and on the interactions between filler and matrix, i.e., the quality of the filler/matrix interface. The mechanical properties of the polymer layer in contact with the filler are affected by the interaction with the filler surface through physico-chemical interactions, or even through mechanical interlocking.
Dynamic mechanical analysis (DMA) has become a widely used technique for the characterisation of polymer-based materials, including composites. This technique enables to characterise the viscoelastic properties of materials over a large temperature or frequency range, providing valuable insight into the structure/morphology/ properties relationship of polymeric and composite materials [1] [2] [3] [4] [5] .
Results of using the DMA technique to characterise interfacial effects in particulate and fibre-reinforced polymer composites have been reported in the literature [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Most of the studies were carried out in temperature sweeps at fixed frequencies (isochronal conditions) near transition regions of the matrix, specially covering the glass transition region. This allows for the detection of subtle variations due to surface treatment of the fibres through the variations in the mechanical loss peaks.
Most of the studies relating the quality of the fibre/matrix interface and the viscoelastic response have been performed on systems containing glass fibres. Carbon fibres are often used for higher performance applications. In this case, the effect of surface treatment is also expected to have a strong influence on the interfacial shear strength and, consequently, on the solid-state rheological properties. We report on the effect of plasma oxidation of the carbon fibre surface on carbon fibre-polymer interactions and fragmentation tests on single filament composites. Dynamic mechanical experiments have been performed on unidirectional composites.
Experimental part

Materials
The composite samples were produced by compression moulding of unidirectional sheets of carbon fibres (CF) pre-impregnated with polycarbonate (PC). The materials used, their tensile characteristics and coefficient of thermal expansion (α) are shown in Tab. 1. The fibres were pitch-based, high modulus carbon fibres from Amoco. They were obtained unsized and untreated, and were plasma-treated in a 200-G Technics plasma reactor equipped with a microwave power generator working at a frequency of 2.5 GHz. The treatment was at 75 W for 3 min, in an atmosphere of 100 Pa of high purity oxygen. The plasma treatment did not affect considerably the mechanical properties of the fibres [25] . Characteristics and fibre content of the composites prepared are summarized in Tab. 2.
The fibre volume content of the composite plaques, Φ, was determined by matrix dissolution. Studies were performed on composites with Φ = 0.21 (C3) and 0.54 (C1) for non-treated fibres and with Φ = 0.63 (C2) for plasma-treated fibres. The crosssections of the composites were observed by optical microscopy, as shown in Fig. 1 
Dynamic mechanical analysis
DMA experiments were carried out on a DMA7e Perkin-Elmer apparatus using the three point bending mode. A continuous flow of high purity helium (flow rate ≈ 65 3 cm 3 /min) was used to improve heat transfer in the experimental set-up. All experiments were carried out at a frequency of 1 Hz and heating rate of 1 K/min. Rectangular samples, with approximate dimensions of 1.5 x 4 x 23 mm 3 , were cut from the original compressed plaques. The samples were placed on a 20 mm bending platform; a 5-mm knife-edge probe tip provided the mechanical excitation. In all experiments a static stress of 2.4·10 5 Pa and a dynamic stress of 2.3·10 5 Pa were imposed to the sample. The amplitudes of these stresses were small enough to warrant the study of the sample in the linear viscoelastic regime.
The basic principles of dynamic mechanical analysis (DMA) can be found in several textbooks [1] [2] [3] [4] [5] 26, 27] . In summary, a sinusoidal stress σ(t) = σ 0 exp(iωt), with frequency ω and amplitude σ 0 , is imposed to the sample. As the material does not exhibit a purely elastic character, the sample will respond with a cyclic strain showing a phase-lag, ε(t)= ε 0 exp(-iδ) exp(iωt). The dynamic modulus E* is defined as:
where
E', the storage modulus, is a measure of the energy stored elastically during a mechanical cycle, whereas E", the loss modulus, represents the viscous component of the complex modulus and is a measure of the energy lost at heat.
Fragmentation tests
Improvement of the fibre-matrix interface was assessed by fragmentation tests performed on single filament composites [28] . The method consists basically on the tensile test of a single fibre embedded in the matrix material. As strain increases, the fibre breaks at the points where the ultimate fibre strength is reached. The process will stop when fibre fragments are so small that the shear stress transferred through the interface is not enough to produce further fibre breakage. The interpretation of the test data was based on the Kelly-Tyson approach [29] . Applying the equilibrium condition between the tensile force, σ, acting on a fibre of diameter d, and the shear forces, τ, transferred through the interface, a simple expression can be obtained for the average interfacial shear strength:
where l c is the critical fibre length, or minimum length necessary for stress transfer, and σ(l c ) is the tensile strength of a fibre of length l c . The critical fibre length was measured by optical microscopy directly on the fragmentation sample, since the matrix is transparent. The tensile strength at critical length was estimated using the two-parameter Weibull analysis of fibre strength. The experimental results for fibre strength were obtained from single filament tensile testing of fibres at several gauge lengths [25] .
Dynamic mechanical analysis
As reported by several authors [14, 16] the DMA technique was found to be useful in the study of interfacial effects between filler and matrix, and how they affect theviscoelastic properties of the composite. For example, Chua [8] investigated the effects of organo-silane coatings on glass fibres and found that there was an inverse linear relationship between the intensity of the tan δ peak at the glass transition and the interfacial shear strength of glass/polyester composites measured by the shortbeam shear test (ASTM D2344).
Results obtained from carbon fibre composites are more difficult to interpret because most surface treatments and sizings are proprietary. Harris et al. [14] used isochronal experiments to study a variety of carbon fibre treatments, but the results could not be rationalized in terms of interfacial microstructure. Kennedy at al. [11] used isothermal frequency scans in torsion mode to differentiate between composites containing untreated and treated carbon fibres. However, as commented in ref. [16] , careful statistical analysis showed that small differences in interfacial adhesion were difficult to distinguish by the usual viscoelastic parameters: storage and loss moduli and loss factor. The proprietary nature of the carbon fibre surface treatment precluded further analysis.
The present work reports results obtained for composites formed with fibres that were well characterized in terms of surface treatment. Control composite samples with untreated and unsized fibres were studied, and composites with plasma-treated fibres were compared. X-Ray photoelectron spectroscopy showed that oxygen plasma treatment increased the global oxygen concentration at the fibre's surface from 3% to 10% approximately. Oxygen functionalities were mostly alcohol, ether and quinone type groups [28] . Tensiometric measurements showed a considerable increase in the non-dispersive component of the surface energy for the plasmatreated fibres as compared to the untreated ones [28] .
Typical DMA results (E' and tan δ spectra) of the polymer matrix and composites, prepared in the longitudinal and transverse directions, are shown in Fig. 2 a-d . Temperature scans ranging from 80 to 180°C were performed so that variations on the glass transition features could be detected. The relaxations associated to the cooperative motion of the polymer chains were observed as peaks in the tan δ curves, or as a decrease in E', in the same temperature range. Just before the glass transition occurred, an increase in E' was observed, representing an apparent stiffening of the sample. This phenomenon was reported before [30] and was interpreted as a consequence of geometric variations of the sample near the glass transition temperature. In fact, the sample's dimensions are measured prior to the experiment and are considered to be constant during the experimental run, which is obviously not true for most materials. From Fig. 2 it is observed that the matrix and the longitudinal composites show that 'stiffening' effect, whereas the transversal composites do not exhibit this tendency. This may be due to the combination of the expansion coefficients of the matrix and the fibres that affect in smaller extent the cross-section dimensions of the specimens cut in the transverse direction. Further studies, beyond the scope of the present work, should be done in order to confirm this hypothesis, including measurements of the thermal expansion coefficient of the composites along the three principal directions.
As expected, the values of E' are higher for the longitudinal composites than for the transverse ones. However, for samples with fibres aligned in the same direction, the stiffness does not show significant dependence on fibre content. This can be explained by enrichment of fibres close to the surface, observed in the low fibre content composite C3, as shown in Fig. 1 . It is known that the flexural mechanical tests are more sensitive to the surface properties of the sample. A continuous decrease of the stress field occurs from the surface to the core, where it reduces to zero. The micrographs show a similar fibre concentration and distribution for all composites, near the surface. Along the thickness the fibre concentration reduces drastically for the C3 composite, resulting in a lower overall fibre content. This must be the explanation for the similarity of E' for all the composites, irrespective of fibre content: for the longitudinal composites, E' ≈ 30 GPa at 80°C; for the transverse composites, a small increase of E' with increasing fibre content is observed, namely 2.5, 2.7 and 2.2 GPa for C1, C2 and C3 composites, respectively.
The temperature of maximum tan δ is not sensitive toward fibre content and treatment (see Fig. 3a and b) . However, tan δ includes the contribution of both real and imaginary components of the complex modulus, being not an independent viscoelastic feature of the material. In fact, the position of the tan δ peak on the temperature axis will depend on the decrease of E' that takes place during the relaxation process. In this context, it is preferable to analyse the loss modulus peaks, which contain independent information about the temperature at which the dissipated energy during the cyclic load is maximum. The E" peak presents a consistent increase of its temperature of maximum for the treated fibres, relative to the untreated ones (≈ 4°C). However, it does not show an obvious dependence on fibre content. This systematic temperature shift observed for the composites with treated fibres may result from an interface stiffening, due to stronger fibre-matrix interactions, decreasing the chain mobility of polycarbonate in the interfacial region.
It has been reported that the variations of maximum of tan δ in the α-relaxation region could be clearly detected in samples with different fibre surface treatment [17] . In glass-based composites, decreases in tan δ have been attributed to chemical bonding of sizing agents to both matrix and reinforcement. However, a mechanistic interpretation for carbon fibre composites was not yet established [16] .
In a simple analysis, the experimental results of maximum of tan δ can be compared with the estimate obtained from a law of mixtures:
where the indices c, m and f correspond to composite, matrix and fibre, respectively. Since the fibres are essentially elastic, their contribution to tan δ is nearly zero. Normalizing relative to the matrix, a normalised damping ratio, R, can be defined:
The values experimental normalised damping ratio, R, are presented in Fig. 4 , together with the prediction given by the law of mixtures (solid line). All experimental results lie below the estimated values, indicating a lower dissipation of mechanical energy than expected. This kind of observation was also reported by Akay [31] and attributed to factors including that the equation does not account for the local deformation constraints imposed by the fibres on the matrix, and for the increase in stiffness of the matrix within the interfacial region, due to an increase in physical and chemical interactions. Sarasua and Pouyet [22] performed the analysis of the normalized damping ratio for both short glass fibre and carbon composites. The authors accounted for interfacial effects by introducing a parameter b, and writing Eq. (5) as 1 -bΦ. The parameter b is a correction for the volume fraction of the reinforcement due to the formation of an immobilized interfacial layer, resulting from fibre-matrix interactions. The stronger the interfacial interactions, the thicker the immobilised layer, and the higher the value of b. For b >1, R is below the expected value obtained from Eq. (5). Most of the composites studied in ref. [22] showed b >1. In the formulations studied in this work no considerable differences were found between composites with untreated and treated fibres. Considerable differences were found in the normalized damping ratios obtained from transverse and longitudinal composites. In fact, the normalised damping ratio for the longitudinal composites is systematically lower than for the transverse direction, for C1, C2 and C3. This result suggests that the b parameter cannot be explained simply by the interface quality, but is also dependent on the fibre direction. In fact, the highly negative coefficient of thermal expansion of the pitch-based carbon fibres, in the direction of the fibre axis, is responsible for the introduction of high residual stresses on the matrix material along this direction. This effect is observed independently of the quality of the interface, but maybe enhanced by good interfacial stress-transfer ability. This contribution to the molecular constraints of the polymer is proportional to the fibre content. This can be observed in Fig. 4 , where the shift in damping ratio from transverse to longitudinal composites increases from C3 to C1 and C2.
Fragmentation test analysis
Fragmentation tests were performed on model single filament composites, formed with untreated P120J fibres and plasma-treated P120J fibres. The composites were formed using the same matrix (Makrolon), the main difference residing in the fibre and interface characteristics. From the physico-chemical point of view, the fibre surfaces present considerable differences, from untreated to treated, as shown by XPS and wettability results [28] . An average value for the interfacial shear strength, W τ , was determined using the Kelly-Tyson approach (Eq. (3)). This is a good approach when the interface is not very strong, as in the case of untreated fibres. For the stronger interfaces, such as expected for the treated fibres, there is the possibility of overestimating the interfacial shear strength. The Kelly-Tyson approach was used as a first approximation, to compare the relative strength of the different interfaces.
The use of Eq. (3) requires the estimate of fibre tensile strength at the critical length. The estimate was obtained considering that the fibre strength variation with length could be described by a two-parameter Weibull distribution. This distribution was fitted to the experimental single filament tensile test data obtained at four different gauge lengths [25] . An estimate of tensile strength at critical length, σ W (l c ), was thus obtained. The critical fibre lengths were measured from the fragmentation tests, as described previously [28] . Tab. 3 summarizes the results for surface global oxygen content of the carbon fibres, obtained by XPS, the critical fibre length, l c , in polycarbonate from fragmentation tests, the estimated fibre strength at critical length, σ W (l c ), and the calculated interfacial shear strength, W τ . It was observed that surface treatment of the fibres increased the amount of oxygen bonded to the carbon surface, enhancing the fibrematrix interactions by considerably decreasing the critical fibre length. The interfacial shear strength increased almost three times, proportional to the surface oxygen increase achieved by plasma treatment.
Concluding remarks
-A sandwich effect is clearly observed for the low fibre content composite from the E' results, as well as on the intensity of the tan δ peaks, and is consistent with the fibre distribution along the thickness of the composite, observed by optical microscopy.
-A shift to higher temperatures of the E" peak is observed for the composites with treated fibres, in both longitudinal and transverse direction, indicative of an improvement (higher shear strength) of the interface.
-The intensity of the tan δ peak is strongly affected by fibre orientation and content, and is not sensitive to interfacial effects.
-Fragmentation test data show a considerable increase of the interfacial shear strength for the surface treated fibres, and a decrease in critical fibre length, indicating a net improvement of the fibre-matrix interactions for the treated fibres.
